input end, and at the same time not to lose any launching efficiency for the pump. Note that without this special splice, experiments showed that high peak pulses did not occur every time due to the presence ofthe 4% reflection at the input end, which decreases the population inversion achievable. With this configuration, a repetition-rate stabilized pulse train with peak power of -3.7 kW and pulse width of 2 ns has been obtained as shown in inset of Fig. 1 . Compared with 330-W peak power in the conventional Q-switching regime, the peak power is an order higher. The pulse width is determined by the interaction period between the transverse acoustic wave and the core, and is about 1 ns for a 6-pm diameter core. The repetition rate was controlled by the AOM. The average power was -500 mW. The giant pulse train occurred at a range of repetition rate from 6.6 kHz to 16.4 kHz.
input end, and at the same time not to lose any launching efficiency for the pump. Note that without this special splice, experiments showed that high peak pulses did not occur every time due to the presence ofthe 4% reflection at the input end, which decreases the population inversion achievable. With this configuration, a repetition-rate stabilized pulse train with peak power of -3.7 kW and pulse width of 2 ns has been obtained as shown in inset of Fig. 1 . Compared with 330-W peak power in the conventional Q-switching regime, the peak power is an order higher. The pulse width is determined by the interaction period between the transverse acoustic wave and the core, and is about 1 ns for a 6-pm diameter core. The repetition rate was controlled by the AOM. The average power was -500 mW. The giant pulse train occurred at a range of repetition rate from 6.6 kHz to 16.4 kHz. Figures 1 and 2 show the pulse peak powers from front and rear-end dependence on the fiber length. The pulse peak power from rear end was lower than that from front. Peak powers of 3.7 kW from the front end and 1 kW from the rear end have been obtained at a 7.2 m double-clad Nd3+ fiber with a 10-m singlemode fiber, the peak powers from the front did not change when we cut back the single-mode fiber, and we did not find any changes in the pulse shapes. For pulses from the rear end, however, the peak powers decreased rapidly after the splicing of the single-mode fiber, and gradually clamped to a power level of -300 W at 10 m of the single-mode fiber. The pulse optimum fiber length. When we spliced the shapes were depleted as shown in the insets of Fig. 2 due to stimulated Raman scattering and three Stokes components have been observed in the spectrum.
In conclusion, we have demonstrated an enhanced Q-switching in a double-clad Nd3+ fiber laser, which increases the peak power by an order of magnitude compared with the normal Q-switching regime. This hybrid Q-switching can be treated as a special Q-switching technique used to generate high peak pulses by amplifying narrow seed pulses induced by SBS.
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P.R. Morkel, K.P. Jedrzejewski, E.R. Tay It has recently been discovered that reflection from certain metallic surfaces can become highly nonlinear at temperatures close to the melting point.',* To date the most dramatic effects have been seen with gallium for reflection at a gallium/glass interface held at temperatures just below the melting point of -293°C. This liquefying gallium nonlinearity (LGN), which we attribute to a second-order surface melting phase transition at the proximity of the bulk so1id:liquid melting point, is truly broadband extending from the visible out to the infrared. At 1550 nm we have observed an intensity-dependent increase in reflectivity of up to 30% for applied optical field strengths of -10 kW/cm2 with response times of the order of 1 p~.~ Significantly faster response times (< 100 ns) have been observed at higher (100 mW) input powers.3 , It is well known that the incorporation of a suitably fast nonlinear element within a laser system can lead to Q-switched operation. For Q-switching of a typical fiber laser response times of the order of 10 ns to 1 ps are required and are readily obtained for practical system parameters using LGN. In this paper we describe a Q-switch fiber laser based on the use of an LGN mirror. (Note that the quoted temperatures relate to the temperature of a metal plate in direct thermal contact with the gallium bead but not at the mirror interface, which might in this instance be at a significantly different temperature due to local heating by the absorbed radiation.)
The laser layout is illustrated in Fig. 1 . The cavity is of a conventional ring design but incorporates a fiberized LGN mirror. The mirror is formed by inserting the cleaved end of a standard single-mode fiber into a bead of gallium. Light is thus coupled back into the fiber with minimal loss after reflection at the gallium:glass interface. A circulator is used to separate the incident and reflected beams. The temperature of the gallium bead is accurately controlled at temperatures around the gallium melting point using an actively stabilized miniature Peltier heat pump. The Er3+/Yb3+-doped fiber is pumped with up to 550 mW of pump radiation at 1047 nm from a NdYLF pumped laser.
At temperatures below the gallium melting point and at low pump powers typically below -200 mW the laser operated in a cw mode. However, between certain well-defined (but temperature dependent) pump power limits the laser entered a stable Q-switch regime [see Fig. 2 (inset) ]. At still higher powers instabilities became apparent. The pulse duration was always in the range 1-2 bs. The pulse repetition rates were between 20 and 100 KHz, the exact repetition rate being dependent on pump power and sample temperature. In Fig. 2 we plot the pulse peak power as a function of pump power over the stable operating regimes for two gallium temperatures; the pulse peak power is seen to increase as we move away from the gallium melting point thereby compensating for the decreasing nonlinearity of the mirror. Note, that Q-switching was not observed with a molten gallium mirror, or any other conventional reflector inserted within the cavity further confirming LGN as the Q-switching mechanism. We believe these results represent a first demonstration of the application of LGN mirrors to laser systems illustrating their compatibility with waveguide devices. We anticipate that significant improvements in mirror design and laser performance will follow making use of the unique features of this manifestly nonlinear medium. measurements by scanning the side-emission from a 980-pumped DFB Er-fiber laser have been demonstrated previously. ' In this paper we demonstrate an alternative simple method that can be used also with 1480-pumping. The technique is applied to characterize symmetric and asymmetric DFB lasers for the first time to our knowledge.
Simulations made of various nonuniform DFB structures show that a phase perturbation added to the laser structure will result in laser wavelength shift AA that is proportional to the geometrical mean J ( I J l ) of the right [I,] and left [Il] traveling intensities at the perturbation point. Laser intensity distributions can therefore be determined by scanning a phase perturbation along the cavity and measuring the resulting wavelength shift.
In our experiment the radiation from a halogen lamp was focused onto a small spot on a DFB fiber laser, causing a heat-induced phase shift. The resulting wavelength shift was read out using a scanning Fabry-Perot interferometer. Er/Yb fiber2 was used for the lasers, which were operating in the 1550-band and pumped with 100 mW at 1480 nm from one end. Figure 1 shows results for one symmetric and one asymmetric 40-mm DFB laser, both lasing in their fundamental longitudinal modes. In the asymmetric device the Bragg phase shift was offset by -5 mm from the center. The total output powers from the symmetric and asymmetric devices were 470 p,W and 30 p,W, respectively, with left to right output power ratios of 1:l and 600:l (? 10%). The low output from the asymmetric device can be attributed to a nonoptimimum total grating strength3 and should be straightforward to improve.
It is known that the fundamental mode intensity in a DFB laser will have a maximum at the phase-shift position. Further, it can be shown that the slopes ofthe measured sensitivity curves [Slog(AA)/Gz] are proportional to the grating strength K. Therefore, both phaseshift positions and grating strength can be determined from the measurements in Fig. l .
The solid lines in Fig. 1 show theoretical values for the wavelength shift [Ah = Sh/6+ * A+] caused by a locally-induced phase shift of A+ = 0.53 rad in the symmetric and asymmetric geometries, assuming uniform DFBs with K = 230 m-'. The deviations between the measured and calculated sensitivities at the phaseshift positions can be attributed to the 2-mmsize of the heating spot used. Figure 2 shows the measured heating response for a L = 60 mm DFB. The dip at the center indicates that the laser is not operating in its fundamental mode. This may be due to phase errors in the grating period, combined with a relativelyhigh KLvalue ofabout 14. For comparison, simulated sensitivities for the first two higher-order modes ofa uniform DFB structure, assuming K = 230 m-' and A+ = 0.28 rad, are also shown. The first-and second-order modes can be qualitatively distinguished by the absence and presence, respectively, of a local intensity maximum at the phase-shift position. The characterized laser is therefore shown to operate in its first-order longitudinal mode.
In conclusion we have presented a simple technique for measurement of power distributions along phase-shifted DFB lasers. This is used to locate the position of the built-in phase shift and to determine the grating strength (Fig. l) , as well as to determine the order ofthe operating longitudinal mode ( Figs. 1 and 2) . We have also demonstrated, for the first time to our knowledge, directional fiber laser output by use of a true asymmetric phase-shifted DFB s t r~c t u r e .~ *E. Rennekleiv is a Ph.D. student on leave from the NTNUuniversity in Norway. He is employed and sponsored by Optoplan AS, Norway.
